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Abstract 
Tungsten oxide is deposited by atomic layer deposition (ALD) using tungsten hexacarbonyl [W(CO)6] and ozone [O3]. Growth 
characteristic is studied in detail by in-situ quartz crystal microbalance (QCM). A narrow temperature window is observed with a 
saturated growth rate of 0.21 Å per ALD cycle. In-situ Fourier transform infrared (FTIR) vibration spectroscopy investigation is 
performed to determine the surface chemistry during each ALD half cycle under linear growth regime. X-ray photo electron 
spectroscopy confirms the deposit presence and chemical nature of tungsten and oxygen in the as-deposited WO3 film. The as 
deposited films are found amorphous which crystalized to monoclinic WO3 upon annealing.  
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1. Introduction 
Introduction of the 3rd generation solar cells with a motivation to obtain high efficiency with low energy and 
money payback period opens up the challenge for efficient and optimum use of materials for energy generation. The 
challenge gets stiffer for the bulk heterojunction device. Use of ALD for conformal, uniform and pin-hole free thin 
film deposition capability on a high aspect ratio substrate remain the only resort [1]. Started long back as atomic 
layer epitaxy (ALE), ALD took the final shape of it where the precursors are dosed individually to react over the 
earlier surface species and to give rise a atom by atom layer deposition onto a substrate. The highest step coverage 
of ALD among all existing gas phase deposition techniques have taken it to an utmost desired process where a very 
small but precise thickness is required on top a 3-D structure. The only drawback ALD suffers is its low film growth 
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rate with respect to other deposition techniques for most of the cases. Still it has proved itself potential enough in the 
domain of its contemporary. The applications of ALD can truly be listed in so many diverse fields including 
obviously the domain of energy [2-4]. Recently ALD has been successfully employed to deposit the materials for 
thin film based solar cells [5-8].  
 
Another aspect of the ALD that is yet to be explored is its applicability in thin films deposition on organic or 
polymeric materials. This further opens up of its use in organic photovoltaics, OLEDs etc., which was previously 
limited to only solution processed materials. Tugnsten oxide (WO3) shows its high potential for photovoltaics 
application in last few years. Recent literatures proved its versatility in different aspects in different types of solar 
cell. Solution processed WO3 has been used as an active anode buffer layer in polymer solar cell consisting of 
poly(3-hexylthiophene) (P3HT) as a donor and (6,6)-phenyl-C61-butyric acid methyl ester (PC60BM), (6,6)-phenyl-
C71-butyric acid methyl ester (PC70BM), indene-C60 bisadduct (IC60BA), or indene-C70bisadduct (IC70BA) as 
an acceptor [9]. WO3 was doped with p-type organic hole conductor Sipro-meOTAD by co-evaporation technique 
[10]. WO3 has recently been used as a hole extraction and transport layer in bulk hetero-junction, polymer and 
organic solar cells [11-15].  
In this paper we report atomic layer deposition of WO3 using W(CO)6 and O3. Use of the hexacarbonyl precursor 
reduced the deposition temperature to 190oC. We obtained in-situ QCM and FTIR spectroscopy to understand the 
deposition mechanism and growth chemistry. A self-limiting growth of ca. 0.2 Å per cycle was found within the 
ALD window. 
 
2. Experimental 
Deposition of WO3 was carried out in a custom-built hot-wall viscous flow ALD reactor. A pressure of 1 Torr 
was maintained by a flow of 350 SCCM 99.999% pure N2 throughout the reaction time. Tungsten hexacarbonyl 
(Gelest) was used as the metal precursor for this deposition. O3 gas was used as oxygen source that was directly fed 
to the reactor. The flow of O3 was controlled by a combination of metering valve and computer controlled 
pneumatic valves. Metal hexacarbonyl precursor was kept at room temperature and was dosed into the reactor using 
N2 carrier gas with an overhead assembly. During deposition, the purging time between the two reactants was kept 
invariably 15s while the reactant dose times were varied. The reactor was equipped with Baratron capacitance 
manometer for pressure measurement and a rotary pump. Material Characterizations In-situ quartz crystal 
microbalance (QCM) was employed to monitor the film growth. 6MHz AT cut quartz crystals glued into a 
commercially available drawer and retainer assembly (Inficon) was placed horizontally to monitor the mass change. 
A mass resolution to ca. 1ng was obtained under steady state condition. In-situ Fourier transform infrared 
spectroscopy (FTIR) measurements were performed in a different ALD chamber, similarly equipped as previous. 
Infrared beam was fed to the chamber through ZnSe windows and recorded under absorbance mode. We used liquid 
nitrogen cooled MCT detector with Bruker Vertex-70 FTIR spectrometer for the measurements. All the reactions 
were performed on Kbr palettes. X-ray diffraction (XRD) and X-ray reflectivity (XRR) characterizations were 
performed with Bruker D8-Advance diffractometer equipped with CuKα cathode that emits at 1.54 Å. Elemental 
and compositional analyses were performed on Thermo VG Scientific X-ray photoelectron spectrometer (MultiLab) 
equipped with Al-Kα source (1486.6 eV). Peak fittings and analyses were executed using XPS peak 4.1 software. 
Before any analysis, peak positions were adjusted with respect to reference C-1s peak at 284.6 eV. High- resolution 
field emission transmission electron microscopy (HR-TEM, JEOL-2100F) along with selected area diffraction 
(SAED) pattern was investigated to obtain microstructural information. Surface morphology was studied using 
VeecoNanoScope IV MultiMode atomic force microscope (AFM) under semi-contact mode of operation.  
3. Results and discussion 
In-situ QCM study has been performed to calculate the growth rate of tungsten oxide per ALD cycle. It also 
showed the self-limiting growth mechanism of ALD technique. The deposited mass was calculated from the 
frequency change of the crystal using Sauerbrey’s equation. Figure 1a shows the mass gain with increasing number 
of tungsten hexacarbonyl [W(CO)6]. The calculated mass gain did not increase after three to four consecutive pulse 
of W(CO)6 yielding a saturated mass gain of ca. 15 ng/cm2 per ALD cycle. The saturated growth rate corresponding 
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to this mass gain was observed to level off at 0.2 Å per ALD cycle as shown in figure 1b. Figure 2 shows the in-situ 
Fourier transform infrared difference spectra (FTIR) during the two half ALD reaction of tungsten oxide. To ensure 
the repetitive reaction mechanism during the growth, the FTIR spectra for two different ALD cycles (2nd and 4th 
respectively) was recorded and plotted in figure 2. The signature peak of the carbonyl group (C=O stretching) after 
W(CO)6 dose at 1997 cm-1 confirmed the presence of the same surface species in the form of W(CO)x [16]. This 
carbonyl group was removed completely after the alternate dosing of the second precursor (O3) that could be seen 
from the negative absorbance at the location of C=O stretching. 
 
 
Fig. 1. The self-limiting feature of the ALD grown tungsten oxide (a) mass-gain with increasing number of W(CO)6 dose and (b) growth rate. 
It can obviously be concluded that the remaining carbonyl attached to the tungsten after the first half reaction was 
completely replaced by the oxygen and formed tungsten oxide. Thus by following the FTIR spectra recorded at both 
half of an ALD cycle the reaction mechanism can be predicted as  
W(CO)6(g) + |-O  Æ  |-O-W(CO)x + (6-x)CO(g)      (A) 
|-O-W(CO)x + O3(g)   Æ   |-O-W-O3 + xCO(g);      (B) 
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Fig. 2. FTIR difference spectra for two complete ALD cycles showing the appearance and removal of C=O stretching during the alternate dosing 
of W(CO)6 and O3 
Elemental analysis of the as-grown film was performed using X-ray photo electron spectroscopy (XPS) as shown 
in figure 3. The characteristics peaks at binding energies 35.5 eV and 37.7 eV stand for the 4f7/2 and 4f5/2 electronic 
doublet state of W (Fig. 3a). The binding energies corresponding to this 4f doublet state of W also indicates the W+6 
electronic state. Figure 3b shows O1s peak at binding energy 530.97 eV [17,18]. Henceforth the XPS analysis 
confirmed the presence of W and O in the film and the electronic state of W assured the as grown film as WO3.  
 
 
Fig. 3. XPS of the as-deposited tungsten oxide film (a) W4f5/2 and W4f7/2 peak and (b) O1s peak 
The as-deposited film was found amorphous from both X-ray diffraction (XRD) and selected area electron 
diffraction (SAED) obtained from transmission electron microscopy (TEM). The films got converted to monoclinic 
WO3 when it was annealed at 600oC for an hour in atmospheric condition. Figure 4 shows the θ-2θ XRD of the 
annealed film on Si substrate. The highest intense peak (excluding Si (111) peak from the substrate) at 24.45o 
corresponds to (200) plane of monoclinic WO3 as compared with the JCPDS card 000-005-0363. This peak is the 
strongest peak (100% intensity peak) for crystalline WO3. The other peaks at 28.64o, 34.15o, 47.38o and 50.85o 
correspond to (111), (220), (002) and (321) as compared with same JCPDS card mentioned earlier.  
 
 
 
(003) 
(101) 
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Fig. 4. XRD of the film after annealing at 600oC under atmospheric condition on Si(111) substrate 
Figure 5 shows the surface morphologies obtained from scanning electron microscopy (SEM) and atomic force 
microscopy (AFM) of the as-deposited and annealed films. It can be clearly seen from the surface SEM image of an 
as-grown film after 1000 ALD cycles that the deposited film is absolutely pinhole free (Fig. 5a). Such pinhole free 
deposition over a large substrate area is an essential criteria for a base layer in sensitized solar cell and ALD 
technique is capable to serve this vital purpose beyond doubt. The films formed large clusters when annealed at an 
elevated temperature as seen in figure 5b. The AFM images of these films gave the similar informations as observed 
by SEM. The as-grown film shows a continuous film having very low RMS roughness around 0.45 nm over a 1μm x 
1μm area (Fig. 5c). The RMS roughness of the film increased to 6 nm after annealing and the similar clusters 
formation is also visible in the AFM image. Figure 6 shows a cross-sectional SEM image of the as-deposited film on 
a Si substrate giving a uniform film throughout the substrate. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Top SEM and AFM images  of the (a andc) as-grown and (b and d) annealed films respectively 
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Fig. 6. Cross-sectional SEM image of the as-deposited tungsten oxide film showing a uniform deposition on Si substrate 
UV-Visible spectroscopy was performed to measure the transmission and the band-gap of the as-deposited material. 
Figure 7a and 7b show the transmission in the wavelength of 300-1100 nm and its corresponding Tauc plot 
respectively. WO3 being a direct band-gap material the Tauc plot was plotted between (αhʋ)2 vs. hʋ and the band-
gap came out to be approximately 3.5 eV which matches well with literatures. This larg band-gap of WO3 will favor 
this material to be used as a window layer which will eventually act as a base layer in our proposed device.  
 
 
Fig. 7. (a) Transmission spectra of the as deposited film over a wavelength range of 1100nm-300nm and (b) its corresponding Tauc plot to 
deterimne the band-gap of the material 
 
3. Conclusion 
Tungsten oxide (WO3) was successfully synthesized by ALD using W(CO)6 and O3 as two precursors. The 
saturated growth rate of 0.2 Å per ALD cycle was measured using in-situ QCM. QCM study also showed the self-
limiting nature of the ALD reaction. In-situ FTIR study probed the surface bound chemical species in two-half ALD 
reaction and enabled us to predict the possible reaction mechanism for WO3 ALD. XPS analysis confirmed the 
presence of W and O in the film and from the oxidation state of the W present in the film ensured the material exists 
in WO3 form. The as-deposited films were found to be amorphous in nature that got converted in monoclinic-WO3 
upon annealing at an elevated temperature under atmospheric condition. The surface SEM and AFM images of the 
as-grown tungsten oxide showed a pinhole free continuous film on a Si surface. Large clusters were formed in the 
same film after annealing leading to a crystalline phase of WO3. The UV-Vis spectroscopy result confirmed the high 
band-gap (~ 3.5 eV) of the material making it possible for a window layer in a reverse architecture solar cell.  
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